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Introduction
Attention-deficit/hyperactivity disorder (ADHD) is among the most prevalent neurodevelopmental disorders, with diagnosis rates capturing 11% of the US pediatric population (Anderson, 2018; Visser et al., 2014) . Despite ongoing concerns of ADHD overdiagnosis (Adams, 2015; Bax et al., 2019; Layton et al., 2018; Storebø et al., 2018) , psychostimulant medications remain the first-line treatment for ADHD and are increasingly prescribed in youth (6.6%) and adults (0.7%) (Anderson, 2018; Burcu et al., 2016; Visser et al., 2014) . Psychostimulant medications act primarily on the striatal dopaminergic system and on the dopaminergic and noradrenergic systems in the frontal cortex (Faraone, 2018; Spencer et al., 2015; Volkow et al., 2005) . A single-dose of the drug increases synaptic dopamine and noradrenaline levels by blocking catecholamine transporters. In ADHD, this acute increase in catecholamines corresponds to reduced symptoms (Wilens, 2008) and transient normalization of brain function as demonstrated by reduced resting-state functional connectivity (Silk et al., 2017) , enhanced activation in cognitive control brain circuits during executive function tasks (Rubia et al., 2014) and reduced activation in reward circuits during reward response tasks (Rubia et al., 2009 ). As such, dopamine deficiency within frontostriatal circuits is suspected to play a central role in the pathophysiology of ADHD (Swanson et al., 2007) .
Consistent with the lifetime chronicity of ADHD (40-65% persist into adulthood) (Barbaresi et al., 2013; Faraone et al., 2006; Geissler and Lesch, 2011) , patients typically remain on psychostimulant medications for several years (Barbaresi, 2014 ), yet the effects of long-term psychostimulant treatment on the brain remain unclear. While limited and somewhat J o u r n a l P r e -p r o o f functional connectivity between the putamen and the default mode network (Battel et al., 2016) .
In a previous study, we detected the first account of a concordant psychostimulant medication effect on brain iron levels in ADHD (Adisetiyo et al., 2014) .
Brain iron homeostasis is a critical dopamine-related mechanism, and its dysregulation has been implicated in ADHD (Adisetiyo et al., 2014; Cortese et al., 2012; Lozoff, 2011; Tseng et al., 2018a; Wang et al., 2017; Yazici et al., 2019) . Along with its many essential roles in the brain (Anderson and Frazer, 2017; Morris et al., 2018) , iron is required for the synthesis and metabolism of dopamine, noradrenaline and myelin (Beard, 2003; Beard and Connor, 2003; Daubner et al., 2011; Ramsey et al., 1996) . Indeed, age-related brain iron accumulation has been well documented in healthy brain development and is associated with cognitive and motor functioning (Hallgren and Sourander, 1958; Lozoff, 2011) . Animal studies have shown that reduced iron in basal ganglia regions not only alters catecholamine systems within these regions but also modifies the effects of psychostimulants (Jenney et al., 2016; Jones et al., 2002; Mohamed et al., 2011; Morse et al., 1999) . Using non-invasive magnetic resonance imaging (MRI) methods (Dusek et al., 2013) , we along with others have demonstrated that striatal and thalamic iron levels are significantly reduced in medication-naïve children and adolescents with ADHD compared to age-matched typically developing controls (Adisetiyo et al., 2014; Cortese et al., 2012) . Conversely, psychostimulant-medicated youth with ADHD have J o u r n a l P r e -p r o o f was applied to all the ASE images corresponding to each average. The co-registered ASE images were averaged, and the MFC parametric map was then calculated on a voxel-by-voxel basis (Jensen et al., 2009 (Jensen et al., , 2006 . For R2* estimation, T2* gradient echo images were acquired with TR = 4380 ms, TEs = 4.92, 9.84, 14.76, 19.68, 24.60, 29.52, 34.44, 39.36, 44.28, 49.20 ms, voxel = 1.7 × 1.7 × 1.5 mm³, matrix = 128 x 128, FOV = 220 x 220 mm 2 , number of slices = 82, flip angle = 20°, bandwidth = 260 Hz/pixel, no gaps, average = 1, and acquisition time = 5 min 34 s. R2* parametric maps were generated as previously described (Adisetiyo et al., 2014) .
Structural scans were screened by two experienced raters for gross abnormalities and referred to a neuroradiologist when warranted. Images with incidental findings of clinical significance or severe artifacts (i.e., blurred images, signal loss) were excluded.
Region-of-Interest Analyses
Region-of-interest (ROI) analyses were conducted on the globus pallidus (GP), putamen (PUT), caudate nucleus (CN), and thalamus (THL) because these brain regions have the highest concentrations of dopamine and iron (Beard and Connor, 2003; Hallgren and Sourander, 1958) , are targets of psychostimulants (Faraone, 2018; Volkow et al., 2005) and have been previously studied in ADHD (Adisetiyo et al., 2014; Cortese et al., 2012) .
Additionally, MFC and R2* in these brain regions have been shown to significantly correlate with putative postmortem iron concentrations in normal aging (Adisetiyo et al., 2012; Langkammer et al., 2010) . The red nucleus (RN) was examined as a control ROI because it has high iron content but is not a target of psychostimulants (Faraone, 2018; Hallgren and Sourander, 1958; Volkow et al., 2005) (Benjamini and Hochberg, 1995) . The FDR approach was applied over the entire set of p-values from each analysis type (i.e., between group comparison, within group correlations).
To test whether brain iron indices increased with age (Hallgren and Sourander, 1958) , ROI MFC and R2* correlations with age were conducted within each group using Pearson's correlation (r) for normally distributed measures and Spearman's correlation (r s ) for nonnormally distributed measures; all one-tailed. To test whether brain iron indices increased with the years taking psychostimulant medication in the ADHD group (Adisetiyo et al., 2014) , ROI MFC and R2* correlations with psychostimulant medication duration were similarly conducted.
Additionally, as age and medication duration were collinearly related in the ADHD group, ROI MFC and R2* partial correlations with years of psychostimulant duration (controlling for age), and vice versa, were conducted.
Results
J o u r n a l P r e -p r o o f = 23; ADHD n = 23). For the participants with MFC data (Table 1) and those with R2* data ( Supplementary Table S1 ), the control and ADHD groups did not significantly differ in age, ethnicity distribution and IQ; the ADHD group had significantly higher parent and teacher ratings of executive function deficits (all parent ratings reflected behavior off medication while teacher ratings reflected behaviors off or on medication).
All participants with ADHD were comorbid-free and had a history of taking psychostimulant medication; 22 of these participants (73.3%) were prescribed >1 type of psychostimulant medication over time and 1 individual had limited psychostimulant exposure (<1 week). For participants with MFC data (Table 1) , the ADHD group consisted of 30 J o u r n a l P r e -p r o o f individuals that averaged 5.9 years (SD = 2.8, range = 0 -12.6 years) on psychostimulant medication, with the average age of first treatment being 7.8 years old (SD = 2.8); 10 of these individuals also had a history of taking non-psychostimulant medication. For participants with R2* data ( Supplementary Table S1 ), the ADHD group consisted of 23 individuals that averaged 5.1 years (SD = 2.6, range = 0 -10.1 years) on psychostimulant medication, with a similar age of treatment onset as the MFC cohort; 8 of these individuals also had a history of taking nonpsychostimulant medication.
Brain Iron Indices as a Function of Age and Psychostimulant Medication Duration
There were no significant group differences in MFC and R2* brain iron indices between the control and ADHD groups ( Table 2) , even when age was controlled as a covariate ( Supplementary Table S2A -B) . These results were further demonstrated by supplementary multiple regression analysis wherein group effects and group by age interaction effects on MFC and R2* were not significant ( Supplementary Table S3 ).
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In the control group, MFC and R2* indices significantly increased with age in the GP, PUT, CN, THL and RN with large effect sizes (Table 3 ; Figure 2 ). In the ADHD group, simple correlation analysis with age revealed significant positive correlations with MFC (moderate effect sizes) in the GP, PUT and CN, with trends for increased R2* with age in these regions.
Alternatively, simple correlation analysis with psychostimulant treatment duration detected significant positive correlations with MFC and R2* (large effect sizes) in the GP, PUT and CN and with MFC in the THL (Table 3 ; Supplementary Figure S1 ). All significant findings survived FDR correction.
In the ADHD group, age and psychostimulant treatment duration were significantly correlated (n = 30 with MFC: r = 0.67, p < 0.001; n = 23 with R2*: r = 0.58, p = 0.004).
Accounting for the collinearity between age and treatment duration, partial correlation analyses of MFC and R2* with medication duration (controlling for age) revealed significant positive correlations in the GP and PUT for both metrics, in the CN for R2* and in the THL for MFC. 
Discussion
Psychostimulant medications are the most common treatment for ADHD and reduce inattentive and hyperactive/impulsive symptoms in approximately 70% of the population (Wilens, 2008) . The acute therapeutic effects of psychostimulants have a rapid onset (30 minutes) and last up to 12 hours. Consequently, management of ADHD symptoms involves long-term use of psychostimulant medications, often lasting years (Barbaresi, 2014) . Although limited, ADHD studies examining the effects of long-term psychostimulant treatment on the brain report alterations in the dopaminergic system (Fusar-Poli et al., 2012) , GABAergic system (Solleveld et al., 2017) , brain function (Battel et al., 2016) , brain structure (Sobel et al., 2010; Nakao et al., 2011; Greven et al., 2015; Pretus et al., 2017; de Luis-García et al., 2015; Schweren et al., 2016 ) and brain metabolites (Benamor, 2014) . Likewise, we previously reported the first account of a medication effect on brain iron levels in children and adolescents with ADHD (Adisetiyo et al., 2014) . Whereas medication-naïve individuals with ADHD had significantly reduced MFC brain iron indices in the PUT, CN and THL, individuals with a history of psychostimulant treatment had comparable MFC in basal ganglia regions as age-matched control individuals. In this follow-up study, we replicated our findings in another independent cohort, once again demonstrating that psychostimulant-medicated children and adolescents with ADHD have comparable MFC and R2* indices of iron in basal ganglia regions as control individuals. Moreover, we found that the duration of psychostimulant treatment had a stronger statistical relationship to increased MFC and R2* in the ADHD group than age. These findings suggest that while youth with ADHD appear to have less prominent age-related brain iron increases than that seen in typical development, normalization of brain iron levels may result from long-term psychostimulant treatment of ADHD.
Disrupted Iron Homeostasis in ADHD
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Iron homeostasis is a critical biological mechanism that is tightly regulated under physiological conditions (Anderson and Frazer, 2017; Duck and Connor, 2016) . While required for virtually all basic cellular processes, iron is lethal to cells when unbound, especially in excess (Morris et al., 2018) . Accordingly, intricate regulatory mechanisms for iron uptake, transport, usage and storage exist to ensure that iron supply meets the body's vast demands while preventing cell death (Morris et al., 2018) . In the brain, iron is required for important neural processes implicated in ADHD including dopamine, noradrenaline and myelin synthesis and regulation (Beard and Connor, 2003) . Maintaining iron homeostasis is essential for healthy brain development as low brain iron impairs catecholamine and myelin metabolism (Beard, 2003; Earley et al., 2014; Lozoff, 2011; Unger et al., 2007) and has been associated with developmental delay and cognitive deficits consistent with ADHD symptoms (McCann and Ames, 2007; Sidrak et al., 2014) .
Indeed, growing evidence suggests that iron homeostasis may be disrupted in ADHD.
Although the underlying mechanism are not understood, increased serum hepcidin (a master regulator of iron metabolism) (Yazici et al., 2019) and reduced brain iron levels (Adisetiyo et al., 2014; Cortese et al., 2012) have been detected in medication-naïve children with ADHD; variations in the hemochromatosis (HFE) gene (encodes for the iron uptake regulating HFE protein) (Nigg et al., 2016) and reduced serum ferritin (iron storage protein) (Tseng et al., 2018b; Wang et al., 2017) have also been detected in studies of predominantly psychostimulant-medicated individuals with ADHD. Moreover, iron status in toddlerhood has been shown to predict sensitivity to psychostimulants in children with ADHD, with severe iron J o u r n a l P r e -p r o o f J o u r n a l P r e -p r o o f 19 effects on brain iron levels in basal ganglia regions are unrelated to regional brain volume.
Specifically, we found no significant correlations between regional brain volume with MFC or R2* in the GP, PUT, CN and THL in either group ( Supplementary Table S8 ). Additionally, regional volumes did not mediate the significant relationship between age and brain iron indices (MFC, R2*) within these regions in controls ( Supplementary Table S9 ). These supplementary findings, along with those from Ersche et al. (Ersche et al., 2017) , implicate potentially distinct mechanisms underlying changes in brain iron and volume during typical development and from long-term psychostimulant use.
Our findings are consistent with the growing literature that implicates elevated brain iron within basal ganglia regions with prolonged psychostimulant exposure to cocaine (Ersche et al., 2017; Adisetiyo et al., 2018) and methamphetamines (Melega et al., 2007) . Given that psychostimulants primarily modulate the dopaminergic system (Faraone, 2018; Spencer et al., 2015; Volkow et al., 2005) , we speculate their long-term use may alter brain iron metabolism in basal ganglia regions via mechanisms linked to iron's role as a required cofactor for catecholamine synthesis and regulation (Daubner et al., 2011; Ramsey et al., 1996) . Validation studies in animals and humans examining iron homeostasis and the dopaminergic system before and after long-term psychostimulant exposure are needed to elucidate the underlying mechanisms. Nonetheless, our findings suggest that long-term psychostimulant treatment may compensate for diminished age-related brain iron accumulation in ADHD that is observed in healthy brain development (Beard and Connor, 2003; Hallgren and Sourander, 1958) .
Strengths, Limitations and Future Studies
To our knowledge, this is the first study to examine the effects of psychostimulant treatment duration on brain iron levels in children and adolescents with ADHD. There is one R2* study of iron in the left ventral striatum of adults with ADHD (18 -65 years old) that reported Journal Pre-proof J o u r n a l P r e -p r o o f 20 increased R2* correlating with age but not medication duration (Sethi et al., 2017) . However, this study was limited to a brain region with low MRI reliability for iron detection (proximity to nasal-tissue interface can introduce artifacts) and its focus on an adult ADHD population may capture a distinct window of disease trajectory, wherein brain iron accumulation are at the highest levels and reaches a plateau (Hallgren and Sourander, 1958) . Reduced specificity of the R2* metric for iron could also contribute to discrepant findings (Dusek et al., 2013) . A strength of our study is that we conducted a multimodal brain iron assessment using the iron-sensitive R2* metric and the more iron-specific MFC metric that is independent of some of the non-iron mechanisms affecting R2* (Jensen et al., 2009 (Jensen et al., , 2006 Jensen and Helpern, 2014) . While both metrics correlate with putative postmortem iron concentration in healthy brain (Adisetiyo et al., 2012; Langkammer et al., 2010) , variance in their sensitivity and specificity for iron in different brain regions have been demonstrated (Adisetiyo et al., 2018) and are reflected in our findings (Table 3) . Confounds such as tissue microstructure, calcification and water and protein content affect R2* and MFC differently (Brown et al., 2014; Dusek et al., 2013; Jensen and Helpern, 2014) which underscores the advantage of multimodal assessment of brain iron in that this approach capitalizes on the strengths of each modality for improved brain iron detection.
Study limitations are noted. Despite the moderate to large effect sizes of our findings, the limited sample size may have reduced statistical power. This may be reflected in our supplementary analysis of parental BRIEF ratings in the ADHD group, wherein correlations between high Behavioral Regulation Index scores and low MFC in the PUT and CN did not survive FDR correction ( Supplementary Table S10 ). While this trend suggests a potential link between greater inhibitory control deficits and low striatal brain iron, future studies with larger cohorts and extensive measures of symptom severity are needed to confirm if brain iron and behavioral relationships exist. Also, as medication dose and non-psychostimulant medications were not systematically accounted for, their effects remain unclear. Nonetheless, potential non-J o u r n a l P r e -p r o o f psychostimulant medications effects were not confounding the results as similar findings were reproduced when ADHD patients with additional non-psychostimulant medication history were excluded in the supplementary analyses ( Supplementary Tables S5 and S6) . Additionally, while our study controlled for gender and comorbidity effects in the inclusion criteria, our findings are restricted to comorbid-free males with ADHD and thus have limited generalizability to the broader ADHD population. Lastly, the cross-sectional design of this study prevents causal inferences about normalized brain iron in the ADHD group and given that all participants with ADHD had a history of psychostimulant treatment, the extent of aberrant age-related iron accumulation trajectories in ADHD and the impact of baseline brain iron levels prior to taking medication remain unknown.
Conclusion
In conclusion, our results demonstrate that brain iron levels increase with the duration of psychostimulant treatment more prominently than with age in ADHD. While the results of this study are preliminary, they are consistent with the ADHD literature on long-term psychostimulant treatment effects on the brain that report alterations in the dopaminergic system (Fusar-Poli et al., 2012) , GABAergic system (Solleveld et al., 2017) , brain function (Battel et al., 2016) , brain structure (Sobel et al., 2010; Nakao et al., 2011; Greven et al., 2015; Pretus et al., 2017; de Luis-García et al., 2015; Schweren et al., 2016) and brain metabolites (Benamor, 2014) . Together, these studies demonstrate that long-term use of psychostimulant medications alter the brain in lasting ways beyond the acute single-dose effects. Elucidating the clinical significance of these long-term brain changes is imperative. If the degree of brain iron normalization corresponds with improved treatment outcomes, such evidence would inform clinicians to which patients are responding to treatment or could be used to monitor treatment adherence (Adler and Nierenberg, 2010; Rashid et al., 2018) . Future longitudinal studies of medication-naïve individuals with ADHD before and after long-term psychostimulant treatment Journal Pre-proof J o u r n a l P r e -p r o o f 22 are needed to confirm this speculation, with consideration to medication onset (i.e., childhood versus adulthood), heterogeneity of ADHD profiles and treatment response. More critically, future studies are needed not only to clarify whether alterations in brain iron from long-term psychostimulant treatment are associated with improved outcomes but also whether such changes are detrimental in cases of misdiagnosis and improper prescription of psychostimulants. 
